As a crucial signaling molecule, calcium plays a critical role in many physiological and pathological processes by regulating ion channel activity. Recently, one study resolved the structure of the transient receptor potential melastatin 2 (TRPM2) channel from Nematostella vectensis (nvTRPM2). This identified a calcium-binding site in the S2-S3 loop, while its effect on channel gating remains unclear. Here, we investigated the role of this calcium-binding site in both nvTRPM2 and human TRPM2 (hTRPM2) by mutagenesis and patch-clamp recording. Unlike hTRPM2, nvTRPM2 cannot be activated by calcium alone. Moreover, the inactivation rate of nvTRPM2 was decreased as intracellular calcium concentration was increased. In addition, our results showed that the four key residues in the calcium-binding site of S2-S3 loop have similar effects on the gating processes of nvTRPM2 and hTRPM2. Among them, the mutations at negatively charged residues (glutamate and aspartate) substantially decreased the currents of nvTRPM2 and hTRPM2. This suggests that these sites are essential for calcium-dependent channel gating. For the charge-neutralizing residues (glutamine and asparagine) in the calcium-binding site, our data showed that glutamine mutating to alanine or glutamate did not affect the channel activity, but glutamine mutating to lysine caused loss of function. Asparagine mutating to aspartate still remained functional, while asparagine mutating to alanine or lysine led to little channel activity. These results suggest that the side chain of glutamine has a less contribution to channel gating than does asparagine. However, our data indicated that both glutamine mutating to alanine or glutamate and asparagine mutating to aspartate accelerated the channel inactivation rate, suggesting that the calcium-binding site in the S2-S3 loop is important for calcium-dependent channel inactivation. Taken together, our results uncovered the effect of four key residues in the S2-S3 loop of TRPM2 on the TRPM2 gating process.
Introduction
As a calcium permeable, non-selective cation channel, transient receptor potential melastatin 2 (TRPM2) channel serves as an oxidative stress sensor, and is involved in many physiological and pathological processes by regulating the calcium balance (Jiang et al., 2010) . It is well known that TRPM2 is widely expressed in various tissue cells such as neurons, immune cells, and so on (Gao et al., 2014; Kheradpezhouh et al., 2014; Miller et al., 2014; Yonezawa et al., 2016; Huang et al., 2017; Li and Jiang, 2018) . As a tetramer, the TRPM2 channel contains four subunits, and each subunit has the six transmembrane segments (S1-S6), with intracellular N and C termini (Nagamine et al., 1998; Perraud et al., 2001) .
Accumulating evidence has indicated that gating mechanisms of the TRPM2 are very complex. For example, TRPM2 activation not only needs ligands such as adenosine diphosphate ribose (ADPR) and cyclic ADPR (cADPR), but also requires intracellular calcium interacting with its N-terminus. In addition, calcium activates TRPM2 and its spliced isoforms by itself (Lange et al., 2008; Du et al., 2009; Tóth and Csanády, 2010) . Inactivation is another important process during channel gating. Our previous studies indicated that TRPM2 can be inactivated by protons and metal ions outside the membrane, such as Zn 2+ (Yang et al., 2011) and Cu 2+ (Yu et al., 2014) . The mutation of TRPM2 (P1018L) also induces channel inactivation (Hermosura et al., 2008) .
Recently, several studies have identified the key sites involved in calcium-mediated TRPM2 activation. There is an IQ-like motif in the N-terminus of TRPM2, which is critical for channel activation by interacting with calmodulin. In addition, our previous study identified a novel EF-loop in the TRPM homology domain of TRPM2 important for the calciumactivated TRPM2 channel (Luo et al., 2018) . Interestingly, a recent study showed that there is a calciumbinding site in the S2-S3 loop of Nematostella vectensis TRPM2 (nvTRPM2), while the role of this site on the channel gating process is unknown (Zhang et al., 2018) .
As a distantly related orthologue, the property of nvTRPM2 channel is different from human TRPM2 (hTRPM2). For example, the NUDT9 homology (NUDT9-H) domain in nvTRPM2 conserved the enzyme activity for catalyzing ADPR (Kühn et al., 2017) . Although recent studies identified a calciumbinding site in the S2-S3 loop of nvTRPM2 that may be involved in the calcium-dependent regulation of the nvTRPM2 channel activity (Zhang et al., 2018) , the underlying mechanism is still unclear. Moreover, a recent study claimed that there is a calcium-binding site in the S2-S3 loop of hTRPM2 (Wang et al., 2018) , but the effect of this site on the channel gating is also unknown.
In this study, we tried to determine the role of the calcium-binding site in the S2-S3 loop of both hTRPM2 and nvTRPM2 on the channel gating process by combining mutagenesis with electrophysiological recordings in mammalian human embryonic kidney 293T (HEK293T) cells. By substituting the different property residues for the individual residue in the four key residues in the calcium-binding site, we examined the contribution of these residues to the TRPM2 gating process. Our data indicate the importance of the calcium-binding site in the S2-S3 loop for the calcium-dependent TRPM2 channel gating regulation.
Materials and methods

Cells, clones, and transfection
Cell culture, mutagenesis, and transfection experiments were performed as previously described (Luo et al., 2018) . Briefly, HEK293T cells were maintained in Dulbecco's modified Eagle medium (DMEM), to which is added 10% fetal bovine serum (FBS; Gibco, USA). Site-directed mutagenesis was carried out for all the mutant constructions, and verified by sequencing. hTRPM2, nvTRPM2, or their mutants were transiently transfected into HEK293T cells using Lipofectamine 2000 (Thermo Fisher Scientific, USA). The transfected cells were subsequently seeded on glass coverslips at 24 h after the transfection, and used for electrophysiological recording tests 12 h later. Chemicals and reagents used were purchased from Sigma Aldrich (MO, USA) unless otherwise indicated.
Patch clamp recording
Electrophysiological recording experiments were performed as previous described (Luo et al., 2018) . Briefly, the data were acquired at room temperature using an EPC10 amplifier (HEKA Electronic, Lambrecht, Germany) and PatchMaster software. The resistance of patch electrodes was 3-5 MΩ when filled with internal solutions by pulling from borosilicate glass (Sutter Instrument Co., Novato, CA, USA). All the currents were acquired at 20 kHz and filtered offline at 50 Hz. The recording protocol uses voltage ramps from −100 to +100 mV within 500 ms given every 5 s. The amplitudes of currents at −60 mV are denoted by circles in the Figures. We used the maximal current amplitudes (pA) divided by cell capacitance (pF) as current density (pA/pF) for data analysis.
As our previous study described (Luo et al., 2018) , the intracellular solution of high calcium in Fig. 1 contained (in mmol/L): 75 NaCl, 50 CaCl 2 , 1 MgCl 2 , and 10 N-2-hydroxyethylpiperazine-N'-2ethanesulfonic acid (HEPES), pH 7.4, adjusted with NaOH. The internal pipette solution for the cells which were successfully transfected with hTRPM2 or its different mutants contained (in mmol/L): 147 NaCl, 1 MgCl 2 , 10 HEPES, and 0.5 ADPR, pH 7.4. The free Ca 2+ was adjusted to different levels (calculated by Maxchelator) using indicated concentration of ethylene glycol tetraacetic acid (EGTA) in Fig. 1 and 0.05 mmol/L EGTA in Figs. 4, 6, and 7. The standard intracellular solution for the cells transfected with nvTRPM2 or its different mutants contained (in mmol/L): 145 CsCl, 8 NaCl, 2 MgCl 2 , 10 HEPES, and 0.5 ADPR, pH 7.2. Free Ca 2+ was chelated to different levels using the indicated concentration of EGTA in Fig. 1 and 10 mmol/L EGTA in Figs. 2, 6, and 7. The standard extracellular solution for cells expressing hTRPM2 and its mutants contained (in mmol/L): 147 NaCl, 2 KCl, 2 CaCl 2 , 1 MgCl 2 , 13 glucose, and 10 HEPES, pH 7.4. The standard extracellular solution for cells expressing nvTRPM2 and its mutants contained (in mmol/L): 140 NaCl, 5 KCl, 1.2 CaCl 2 , 1.2 MgCl 2 , and 10 HEPES, pH 7.4. After the currents became stable, 20 μmol/L N-(pamylcinnamoyl) anthranilic acid (ACA) (Sigma Aldrich) was used to inhibit TRPM2 currents. The change time of bath solution is about 100 ms controlled by RSC-200 (Bio-logic Science Instruments, Grenoble, France). We only used cells for data analysis whose currents were less than 200 pA after the inhibition of ACA.
Biotinylation assay and western blot
Biotinylation experiments were carried out as previously described (Yu et al., 2017; Luo et al., 2018) . Rabbit anti-TRPM2 (1:1000 dilution; Abcam, UK) was used as primary antibody and goat anti-rabbit IgG-horseradish peroxidase (HRP) (1:10 000 dilution; Thermo Fisher Scientific, USA) was used as secondary antibody. Enhanced chemiluminescence (ECL; Thermo Fisher Scientific, USA) was used to detect the signal, and the images were acquired by a Fuji LAS-3000 Imaging System (FUJIFILM, Tokyo, Japan).
Statistical analysis
All of the electrophysiological data were acquireed by PatchMaster (HEKA) and Igor Pro (Wave Metrics, OR, USA). The electrophysiological data are presented as mean±standard error of the mean (SEM). and Origin software is used for curve fitting. Statistical analysis was performed using Student's t-test (P<0.05 designated as significant).
Results
Roles of calcium in the gating process of hTRPM2 and nvTRPM2
It has been reported that calcium can activate hTRPM2 directly by itself (Du et al., 2009; Luo et al., 2018) , but whether it can open nvTRPM2 alone remains unknown. We transfected hTRPM2 or nvTRPM2 channel into HEK293T cells, and detected whether 50 mmol/L calcium induces the current by using whole-cell recordings. Consistent with our previous studies (Yu et al., 2017; Luo et al., 2018) , 50 mmol/L calcium activated hTRPM2 current, which was inhibited by 20 μmol/L ACA (Figs. 1a and 1b). However, nvTRPM2 failed to be activated by 50 mmol/L calcium alone (Figs. 1a and 1b) .
In order to further address the effect of endogenous calcium on hTRPM2 and nvTRPM2 channels, we gradually chelated the intracellular calcium by adding 10, 1, or 0.05 mmol/L EGTA into the intracellular solution, separately. Although 500 μmol/L ADPR fully activated the hTRPM2 channel in both the 0.05 and 1 mmol/L EGTA conditions, the hTRPM2 channel failed to respond to 500 μmol/L ADPR in the 10 mmol/L EGTA condition (Figs. 1c and 1e). We noted that the open probability of hTRPM2 by 1 mmol/L EGTA (33.3%) is less than that of hTRPM2 by 0.05 mmol/L EGTA (100.0%). Our results confirmed that the hTRPM2 activation is dependent on intracellular calcium.
Since a previous study reported that nvTRPM2 has a rapid inactivation (Kühn et al., 2015) , we also examined the response of nvTRPM2 in different intracellular calcium conditions. Unlike hTRPM2, our data showed that the nvTRPM2 current induced by (e, f) Summary of the current density in (c, d). (g) Summary of the inactivation rate of nvTRPM2, expressed as the percentage of the residual currents 20 s after the maximal current amplitudes from the peak currents. Data are expressed as mean±standard error of the mean (SEM). The numbers of cells examined in each case are indicated in parentheses. * P<0.05, ** P<0.01, *** P<0.001, compared with different concentrations of EGTA treatment groups. n.s.: not significant 500 μmol/L ADPR is independent of the concentration of EGTA in cytoplasm ( Figs. 1d and 1f ). However, we noticed that the inactivation rate of nvTRPM2 in 10 mmol/L EGTA was less than that of nvTRPM2 in 0.05 mmol/L EGTA (Fig. 1g ). This suggests that the inactivation process of nvTRPM2 is dependent on intracellular calcium instead of activation.
Role of the key residues within the calciumbinding site in S2-S3 loop of nvTRPM2
It is pointed out that calcium is coordinated in a pentacovalent geometry formed by the side chains of E893, Q896, N918, and D921 in nvTRPM2, among which E893 provides two coordinate bonds for calcium binding (Zhang et al., 2018) . To determine the contribution of these four residues in nvTRPM2 gating, we introduced the mutations to change the interaction force with calcium. The E893A mutant has little response to ADPR ( Fig. 2a ). Both E893D and E893Q mutants fail to be activated by ADPR ( Figs. 2b and 2c ), suggesting that this site is important for the nvTRPM2 channel gating.
Both Q896A mutation that shortened the side chain of glutamine and Q896E mutation that introduced negatively charged residue increased the current amplitude ( Figs. 2e and 2f ). In contrast, the Q896K mutant that introduced positively charged residue has no response to ADPR (Fig. 2g ).
For N918, disrupting the polar solvation interaction by N918A mutation, or introducing a positive charge by N918K mutation, dramatically decreased the current amplitude ( Figs. 2i and 2k ). However, N918D, which added a negative charge without altering the side chain length, has a similar response to ADPR as wild-type (WT) nvTRPM2 (Fig. 2j) , suggesting that side chain length instead of electronic force is critical for calcium-dependent channel gating.
Similar to E893, as another negatively charged residue within this calcium-binding site, D921 was mutated to alanine, lysine, or asparagine. All have a small response to ADPR (Figs. 2m-2p ), suggesting that the negative charge of these residues mainly contributed to calcium-dependent channel gating.
These results demonstrated that these four residues which have the ability of calcium binding are related to nvTRPM2 channel activation.
Role of the four residues in S2-S3 loop of hTRPM2 on channel gating
Although the structure of hTRPM2 has been resolved recently (Wang et al., 2018) , the calciumbinding site in the S2-S3 loop was not occupied by calcium. By performing the sequencing alignment of the S2-S3 loop between hTRPM2 and nvTRPM2, we found that the four residues in nvTRPM2 are very conserved across species (Fig. 3) . The corresponding residues in hTRPM2 are E843, Q846, N869, and D872. Then, we addressed whether these conserved residues in hTRPM2 have a similar ability in regulating calcium-dependent channel gating.
Unlike nvTRPM2, the current of E843A mutant is similar to that of the hTRPM2 (Fig. 4a ). E843D mutation, which slightly shortened the length of the side chain, has no function (Fig. 4b) . This is the same as the E893D mutant. E843Q has a small current ( Fig. 4c) , which is also different from the E893Q mutant that has loss of function.
For Q846, the currents of both Q846A and Q846E mutants were obviously reduced compared to that of hTRPM2 ( Figs. 4e and 4f ). However, the Q846K mutant which introduced a positive charge showed a tiny current induced by ADPR (Fig. 4g) . These data indicated that there are similar properties between Q896 and Q846 for TRPM2 channel gating.
For N869, N869A mutant, and positively charged N869K mutation have no response to ADPR (Figs. 4i and 4k). Nonetheless, similar to WT hTRPM2, the negatively charged N869D mutation was fully activated by ADPR (Fig. 4j ). These data also indicated that there are similar properties between N918 and N869 for TRPM2 channel gating.
For D872, similar to D921 in nvTRPM2, D872A, D872K, and D872N mutants failed to be activated by ADPR (Figs. 4m-4p) .
To exclude the possibility that the mutants with no current were due to their effects on surface expression of hTRPM2 channel, we performed a biotinylation assay for two representative mutants (E843D and D872K) of hTRPM2. Our result indicated that the E843D and D872K mutants can be delivered to the cell surface as well as WT hTRPM2 (Fig. 5) , suggesting that these corresponding sites in the S2-S3 loop of hTRPM2 affect channel activation.
We noted that some mutants in hTRPM2 showed rapid inactivation just like nvTRPM2, such as Q846A (Fig. 4e ), Q846E (Fig. 4f ), and N869D (Fig. 4j ). In addition, although nvTRPM2 has the characteristic of inactivation, mutations at the corresponding residues Q896 and N918 accelerated this process (that is Q896A ( Fig. 2e) , Q896E (Fig. 2f) , and N918D (Fig. 2j) ), suggesting that both glutamine and asparagine within the S2-S3 loop are involved in channel inactivation.
Regulation of the channel inactivation by glutamine within the calcium-binding site
To quantify the process of channel inactivation, we analyzed the percentage of the residual currents after inactivation from the peak currents (I remain /I peak ). Since nvTRPM2 inactivation is much faster than hTRPM2 inactivation, we defined the percentage of the residual currents 40 or 10 s after the maximal
Fig. 3 Sequencing alignment of S2-S3 loop between hTRPM2 and nvTRPM2
Arrows denote four residues discussed in the main text. Full conserved residues are marked in deep color currents from the peak currents (I 40 s /I peak or I 10 s /I peak ) as the inactivation rate of hTRPM2 or nvTRPM2.
The currents of WT nvTRPM2 declined completely after activation, and the residual currents were about 60% of the maximum amplitude 10 s after the peak (Figs. 6a, 6d, and 6e) . Although Q896A and Q896E mutants resulted in complete channel inactivation (Fig. 6d ), their inactivation rates were significantly smaller than that of WT nvTRPM2 (Fig. 6e) .
Our previous studies showed that hTRPM2 current is stable within one minute after reaching the peak current (Yu et al., 2017; Luo et al., 2018) , and both I remain /I peak and I 40 s /I peak were more than 90% (Figs. 6f, 6i, and 6j) . Unlike WT hTRPM2, both Q846A and Q846E mutants strongly induced channel inactivation. Compared to Q846E, Q846A resulted in complete inactivation, which decreased I remain /I peak to 0.041±0.018 ( Fig. 6i ) and I 40 s /I peak to 0.330±0.080 (Fig. 6j ).
Channel inactivation by asparagine within the calcium-binding site
By using the same statistics of channel inactivation rate as glutamine, our data indicated that N918D nvTRPM2 decreased the I 10 s /I peak to 0.064±0.051 which was only about one-ninth of WT nvTRPM2 (Fig. 7d) . Similarly, N869D mutant robustly decreased the residual currents and accelerated inactivation significantly (Figs. 7g and 7h) .
Discussion
In this study, we determined that nvTRPM2 channel cannot be activated by calcium alone, and presents the fast activation that is similar to previous study (Kühn et al., 2015) . Similar to nvTRPM2, the hTRPM2 channel also has a calcium-binding site in the S2-S3 loop, which is critical for activation or inactivation of hTRPM2. Moreover, our results identified that the negatively charged residues in the calcium-binding site are critical for channel activation, but glutamine and asparagine in the calcium-binding site are important for channel inactivation. These results indicated that the four key residues of the calcium-binding site in the S2-S3 loop mainly regulated the calcium-dependent channel gating process.
Previous studies have reported that calcium is essential to the hTRPM2 channel activation. For example, IQ-like motif of hTRPM2 that interacts with calmodulin is responsible for calcium-induced hTRPM2 activation (Du et al., 2009) . Recently, our study identified a novel EF-loop in the N-terminus of hTRPM2, which is critical for hTRPM2 activated by calcium alone (Luo et al., 2018) . In contrast, nvTRPM2 does not contain the IQ-like motif or EF-loop in the N-terminus, and this is consistent with nvTRPM2 failing to be activated by calcium alone in this study. These results further confirmed that the EF-loop and IQ-like motif in the N-terminus of hTRPM2 are responsible for calcium activation. In addition, a former study suggested that there is a ) Summary of the inactivation degree, expressed as the percentage of the residual currents from the peak currents (d), and inactivation rate, expressed as the percentage of the residual currents 10 s after the maximal current amplitudes from the peak currents (e) of nvTRPM2. (f-h) Representative whole-cell recordings induced by 500 μmol/L ADPR with 0.05 mmol/L EGTA from HEK293T cells expressing WT (f), Q846A (g), and Q846E (h) human TRPM2 (hTRPM2) channels. (i, j) Summary of the inactivation degree, expressed as the percentage of the residual currents from the peak currents (i), and inactivation rate, expressed as the percentage of the residual currents 40 s after the maximal current amplitudes from the peak currents (j) of hTRPM2. The arrow in each panel indicates the time point at which whole-cell configuration was established. The black lines represent application of 20 μmol/L N-(pamylcinnamoyl) anthranilic acid (ACA). Data are expressed as mean±standard error of the mean (SEM). The numbers of cells examined in each case are indicated in parentheses. *** P<0.001, compared with WT calcium-binding site in the deep crevices near the pore of hTRPM2 intracellularly (Csanády and Törőcsik, 2009) . Consistently, a recent study resolved the structure of nvTRPM2 by cryo-electron microscopy (cryo-EM), and clearly showed that there was a calciumbinding site in the S2-S3 loop (Zhang et al., 2018) . Taken together, these results indicated that the calcium-dependent gating mechanisms of TRPM2 are very complex.
Sequence alignments show that the identified four residues are conserved among TRPM2 channels from different species. Except for hTRPM2 and nvTRPM2, it was reported recently that the corresponding residues (E857, Q860, N883, and D886) in zebrafish TRPM2 construct a calcium-binding site of the channel as well (Huang et al., 2018) . Additionally, these sites are also found in TRPM4, TRPM5, and TRPM8, with the location near the pore, suggesting high conservation across the members of the melastatin subfamily of transient receptor potential proteins.
Our recordings of point mutants in four residues which formed the calcium-binding site of nvTRPM2 illustrate that mutations at E893 and D921 influence the channel currents strongly, which makes all the mutants difficult to be activated, demonstrating the importance of these two sites in calcium binding. In contrast, mutations at Q896 and N918 show milder influence on channel activation, with only Q896K, N918A, and N918K substantially altering the currents. Positively charged lysine substitutions at Q896 and N918 destroy calcium binding through electrostatic interaction, and the disabled function of N918A implies the importance of the side chain at this site.
Among the four residues, mutations at glutamine and asparagine have an effect on the inactivation process. For example, Q896A of nvTRPM2, which shortens the side chain of glutamine, accelerates channel inactivation by disturbing calcium binding, while Q846A of hTRPM2 induces channel inactivation. In addition, the excessive negative charge, which is introduced by Q896E and N918D for nvTRPM2 and Q846E and N869D for hTRPM2, also facilitates inactivation. Our data indicate that these four residues bind calcium through a rigid electrostatic equilibrium.
Fig. 7 Asparagine within calcium binding site of S2-S3 loop mutated to aspartate accelerated channel inactivation in both nvTRPM2 and hTRPM2
(a, b) Representative whole-cell recordings induced by 500 μmol/L adenosine diphosphate ribose (ADPR) with 10 mmol/L ethylene glycol tetraacetic acid (EGTA) from HEK293T cells expressing wild type (WT) (a) and N918D (b) Nematostella vectensis transient receptor potential melastatin 2 (nvTRPM2) channels. (c, d) Summary of the inactivation degree, expressed as the percentage of the residual currents from the peak currents (c), and inactivation rate, expressed as the percentage of the residual currents 10 s after the maximum current amplitudes from the peak currents (d) of nvTRPM2. (e, f) Representative whole-cell recordings induced by 500 μmol/L ADPR with 0.05 mmol/L EGTA from HEK293T cells expressing WT (e) and N869D (f) human TRPM2 (hTRPM2) channels. (g, h) Summary of the inactivation degree, expressed as the percentage of the residual currents from the peak currents (g), and inactivation rate, expressed as the percentage of the residual currents 40 s after the maximal current amplitudes from the peak currents (h) of hTRPM2. The arrow in each panel indicates the time point at which whole-cell configuration was established. The black lines represent application of 20 μmol/L N-(pamylcinnamoyl) anthranilic acid (ACA). Data are expressed as mean±standard error of the mean (SEM). The numbers of cells examined in each case are indicated in parentheses. *** P<0.001, compared with WT The negative charge from the mutation disturbs this balance, and this affects calcium binding and results in the channel inactivation. Our results indicated that although calcium binding in the S2-S3 loop of TRPM2 does not activate the channel directly, it seems to be an essential first step for channel opening, which induces conformational change and prepares TRPM2 to open. A similar function also exists in the calcium-binding site of TRPM4, which primes the channel to voltage-dependent opening (Autzen et al., 2018) .
In summary, our results confirmed a calciumbinding site in the S2-S3 loop of both hTRPM2 and nvTRPM2, which plays a critical role for channel gating process. Instead of activating the channel directly, calcium binding to the S2-S3 loop primes TRPM2 to be ready for channel activation. Our study determined the effects of four residues in the S2-S3 loop on the TRPM2 channel gating, which deepened our understanding of the mechanism of the calciumdependent TRPM2 channel gating process.
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